Abstract This study tested the effectiveness of laser biostimulation in small-scale cultures in vitro. We investigated the response of recombinant CHO cells, which are used for the production of monoclonal antibody, to low level laser radiation. The cells were irradiated using a 632.8 nm He-Ne laser in a continuous wave mode at different energy doses. We incubated the irradiated cells in small batch cultures and assessed their proliferation and productivity at various time intervals. Compared to untreated cells, the irradiated cells showed a significant increase in antibody production. Moreover, the results showed that laser irradiation did not affect viability and slightly enhanced proliferation rate.
Introduction
Chinese hamster ovary cells (CHO) are the most popular host cell line for the production of therapeutic proteins (Wurm 2004 (Wurm , 2005 . Efforts to optimize the production process by improving culture systems, media, and culture conditions have resulted in substantial increase in yields (Kuystermans and AlRubeai 2011) . Another approach to cell culture development and optimization could be achieved through metabolic engineering of cell lines to improve their survivability, growth and productivity (Fengi et al. 2005; Birch et al. 2006; Kuystermans et al. 2007; Ma et al. 2007; Li et al. 2010; Gorfien and Jayne 2011) . On the basis of this cellular improvement novel strategies for optimization of cell culture should be possible.
Further improvements may be achieved by applying some of the advances in our understanding of the biological effects of low energy radiation. It should be possible to manipulate cellular responses to the external environment, inducing cells to grow faster or expressing higher amounts of recombinant product. This approach of metabolic alteration by radiation exposure has been highlighted by the reports that low dose radiation could stimulate most immune system parameters in animals, including antibody formation, natural killer activity, secretion of interferon as well as other cellular changes (Shu-Zheng 2007) .
Several other studies have also shown that lowpower laser irradiation has a positive therapeutic effect in a number of clinical situations (Havel et al. 2012 )-e.g., pain relief (Fonseca et al. 2012) , wound healing (Kirkby et al. 2012) , and sports medicine (Wheeland 2012) . This effect occurs through a mechanism involving acceleration of cell division, increased enzyme activity, collagen production (Calatrava et al. 1997) , regulation of mitochondrial processes (Karu 2008; Eells et al. 2004; Prusa et al. 2012) , increased expression of certain proteins (Ozog et al. 2012) , induced synthesis of cell cycle regulatory proteins (Ocanã-Quero et al. 1998a ) and increase ATP production (Kirkby et al. 2012; Karu 2010; Gavish et al. 2004) .
Further, increasing exposure to laser light affects the mitochondrial respiratory chain and their selective permeability for sodium, potassium, and calcium ions (Moore et al. 2005) . More laser exposure also increases DNA synthesis and may increase cell proliferation or stimulate the release of growth factors (Ocanã-Quero et al. 1998b ). In contrast, some investigators have found a destructive and inhibitory action of laser radiation (Ito et al. 2000; Koutna et al. 2003; Lapotko et al. 2006) . These studies seem to indicate that laser biomodulation speeds up healing by improving inflammation, lymphocytes, fibroblast proliferation, and tissue regeneration (Karu et al. 2001; Gavish et al. 2004; Al-Watban and Andres 2012) .
This study was designed to investigate the impact of low-level laser (LLL) radiation (at the 632.8 nm wavelength) on the growth, energy metabolism and production of monoclonal antibody (MAb) in CHO cell culture. We found that exposure of cells up to seven min of LLL radiation enhances MAb concentration without affecting viability and this enhancement was related to the stimulation of ATP production.
Materials and methods

Cell-line maintenance
The recombinant Chinese hamster ovary cell line CHO 22H11, was kindly supplied by LONZA Biologics (Slough, UK) and had previously been transfected with the glutamine synthetase (GS) expression system carrying a gene for a mouse-human chimeric antibody (cB72.3). We determined the viable cell number and percentage viability before and after centrifuging the cells at 1,000 rpm for five min and resuspending them in fresh growth medium at a cell density of 2 9 10 5 cells per ml into a final volume of 15 ml in vented 50 ml Erlenmeyer flasks (Corning, Corning, NY, USA). The culture was agitated at a rate of 125 rpm at 37°C in the presence of 5 % CO 2 .
Cell count and viability
We used a Cell Lab Quanta SC flow cytometer (Beckman Coulter, Brea, CA, USA) to monitor cell number and viability. We analysed cell viability immediately after adding 10 ll of propidium iodide (PI) to a 490 ll cell suspension to make a 1 lg/ml PI solution. Analysis was undertaken by loading an appropriate protocol for the acquired parameters: FS, log SS, and PI integral.
Determination of glucose and lactate concentrations
Glucose measurements were carried out in triplicate using a blood glucose meter (Bayer HealthCare LLC, Berkeley, CA, USA). Lactate concentrations in supernatant were determined from triplicate cultures using either a lactate meter (Accutrend, Roche Diagnostic, Burgess Hill, UK).
Determination of monoclonal antibody concentrations
We determined the concentration of human-mouse B72.3 IgG4 chimeric MAb using enzyme-linked immunosorbent assay (ELISA). Chimeric MAb produced by cells was sandwiched by monoclonal antihuman IgG (Fc specific; Sigma-Aldrich, Dublin, Ireland) and peroxidase-conjugated anti-human kappa light chain antibody (Sigma-Aldrich). The amount of chimeric MAb was determined by measuring absorbance using o-phenylenediamine dihydrochloride (OPD, Sigma-Aldrich) as a substrate for peroxidase.
He-Ne laser stimulatory dose determination
After plating the CHO cells, we exposed them to irradiation using the He-Ne laser at a wavelength of 632.8 nm with a beam profile in continuous wave TEM00 mode at 13 mW power (Fig. 1) . Different doses of energy were applied during cultivation in order to detect the existence of a dose response and its effects. The irradiation with the 632.8 nm laser was made at doses of 0.821, 5.7, and 11.424 J/cm 2 , representing a low, medium, and high dose. We divided the plated cells into four groups: group 1 as a control (not irradiated); group 2 (0.821 J/cm 2 , 60 s); group 3 (5.7 J/cm 2 , 420 s); and group 4 (11.424 J/cm 2 , 840 s). We irradiated cells immediately after plating them and changed medium for each condition. The laser was positioned vertically above each well at a distance of 10 cm from the bottom of the plate, and the irradiated area was 1.1 cm 2 . We performed a calibration for laser power by using a power meter (Thorlabs, Newton, NJ, USA). In order to avoid any accidental influence, we covered all wells that we did not intend to irradiate during each application. The non-irradiated control cells were exposed to room light for the same periods of time and maintained outside the incubator under the same conditions as the laserirradiated cells.
Determination of ATP by HPLC
We prepared a 1 mM working concentration of ATP and ADP standard from 16.5 mM stock solution by adding 60.6-939.3 ll of deionized water. We then diluted the 1 mM working solution to 0.5, 0.25 and 0.125 mM to generate the standard curve. Mobile phase A consisted of 20 mM ammonia acetate (pH 4.5), while mobile phase B consisted of 100 % acetonitrile. Air bubbles from both solutions were removed by sonication. We diluted cells to a concentration of 10 6 cells/ml; we then centrifuged the samples at 9,000 9 g for 10 min and carefully discarded the supernatant. We resuspended the pellets in 100 lL of lysis buffer and incubated for 2 min at 100°C. Samples were centrifuged at 13,000 rpm for 5 min, and supernatant was transferred to fresh tubes and kept at -80°C until analysis. The gradient elution was performed on a Kinetex XB-C18 column (4.6 9 75 mm Phenomenex, Cheshire, UK) with two buffers at a rate of 1 ml/min. Buffer A contained 20 mM ammonia acetate (pH 4.5), while organic mobile phase B consisted of 100 % acetonitrile. We auto injected 5 ll of prepared sample or standard and monitored UV at 260 nm for between zero and 10 min. Peaks were identified by their retention times and by using chromatography with standards.
Statistical analysis
Means and standard deviations (SD) were calculated for descriptive statistical documentation. The student T test was applied for analytical statistics. We considered values of p \ 0.05 and p \ 0.01 to be significant.
Results and discussion
Effect of LLL irradiation on proliferation, metabolism and ATP level of CHO cells
We measured the proliferation of CHO cells at the same time every day from day 1 to day 8 (Fig. 2a) . The results showed that seven min of daily laser irradiation significantly increased the number of viable cells (p \ 0.001) compared to the control group on days 5 and 7. When we used fourteen min of irradiation, we observed significant increases (p \ 0.05) in cell numbers by day 7. However, we detected no significant increase in the viable cells of 1 min exposure by day 7. These findings could not be attributed to thermal changes since culture temperature did not change during irradiation. The non-significant effects on cell viability found in this study are in accordance with the findings of other authors (Marchesini et al. 1989; Chan et al. 2003) suggesting that alterations in cell cycle and mitosis could be responsible. It was reported that high energy laser irradiation resulted in an increase in G0/G1 phase of the cell cycle in melanoma cell lines (Chan et al. 2003) . The percentage of viability in control and irradiated cells was higher than 95 % and did not show any difference up to day 7 of the culture (Fig. 2b) . No significant change in glucose consumption rate among cells that had different irradiation times was observed. However, the lactate production rate decreased significantly after irradiation (Fig. 3a) of seven (p \ 0.05) and fourteen (p \ 0.01) min by day 7 (Fig. 3b) . Typically lactate is produced during growth phase of culture which at high concentration can have detrimental effects on cell metabolism and viability. Glacken et al. (1986) found that a high concentration of lactate decreases the growth rate and the specific production rate of antibody in hybridoma cells even though pH was maintained constant. Thus, the reduction in lactate accumulation in the culture environment is desirable and may lead to improvement in cell growth and increase in MAb production. It is worthy to note that several processes have been developed for the reduction of lactate in cell culture (Chen et al. 2001; Xie and Wang 1994) .
We observed changes in the mitochondrial activity of laser irradiated cells. ATP levels increased significantly (p \ 0.05) by days 5 and 7 in cells that had been irradiated for one and 7 min compared to their respective controls that had not been irradiated (Fig. 4) . Several studies reported a significant increase in ATP production in living cells after laser irradiation (Benedicenti et al. 2008 ) Nevertheless, no explanation for the mechanisms associated with such an increase in ATP production was given. We postulate that this increase in ATP levels could be due to the absorption of laser energy by photoreceptor molecules and hence energy conversion from electronic to metabolic energy.
Effect of LLL irradiation on MAb production by CHO cells
Exposure to laser for 1, 7, and 14 min increased MAb concentrations significantly (P \ 0.01)-by 17, 50, and 33 %, respectively, on day 7 (Fig. 5) . Part of this increase in total productivity can be explained by the increased cell number of irradiated cultures but it also resulted from an increase in cell specific productivity. Specific productivity of cells at day 7 of 0, 1, 7 and 14 min exposure were 1.23, 1.56, 1.60 and 1.72 mg/10 9 cell/h, respectively. The stimulatory effect of laser irradiation on MAb cellular production rate might have been a consequence of increased ATP production (Fig. 4) and protein synthesis. Studies have shown that LLL irradiation promotes proliferation of many cell types and induces the synthesis of many molecules, like growth factors, interleukins and inflammatory cytokines, as well as can alter cellular homeostasis parameters, such as pHi and redox potential (Gao and Xing 2009) , which can lead to a protein production increase (Khoo and Al-Rubeai 2009 ).
It would be useful for further analysis of laser irradiation on CHO cells to explore the biochemical, bioelectric and bioenergetics changes which lead to increased metabolism and protein synthesis. Many investigations have attempted to determine the biological effects of low-intensity lasers on tissues, especially during the repair process. However, not all of them have produced satisfactory results. Kreisler et al. (2003) studied the effect of low level of laser irradiation on human periodontal ligament fibroblasts and demonstrated the stimulation of photoreceptors in the mitochondrial respiratory chain, changes in cellular ATP levels, and release of growth factors. The mechanism of action of stimulation on cellular activities has not been clarified yet. Photoreception at the mitochondrial level may intensify the respiratory metabolism and electrophysiological properties of the membrane, thus promoting changes in cell physiology. Moreover, laser radiation increases the synthesis of ATP within mitochondria, thus accelerating the processes of cell proliferation and protein synthesis. For such reason, effort should be explored to define the laser parameters and culture conditions which support optimum productivity in CHO cells.
Conclusion
Low dose of laser irradiation exerts a biostimulative effect on CHO cells producing monoclonal antibodies. The increase in the recombinant antibody production is associated with an enhancement in energy metabolism as expressed by the increase in ATP and glucose uptake rate. The narrow area of laser irradiation might hamper the large scale development and limits the potential industrial application of antibody production from recombinant cells.
